The monocellular electroplax of Electrophorus is a preparation particularly well suited for the study of the mechanism of action of specific ligands on the electrical parameters of an excitable membrane.' In the presence of low concentrations of compounds possessing a quaternary nitrogen function like acetylcholine (ACh), carbamylcholine (Carb), phenyltrimethylammonium (Pta), or decamethonium (Deca), the membrane potential of the cell decreases from -75 ± 15 millivolts (mV) in the resting cell to a steady-state value which depends on the nature and the concentration of the compound but is never lower than -15 4 5 mV at saturating levels of the ligand. The effect of these receptor activators is specifically blocked by other quaternary nitrogen-containing compounds which will be referred to as receptor inhibitors like d-tubocurarine (d-Tubo), flaxedil, and several others, which stabilize the membrane potential at its resting value. All of them are postulated to bind to the same site on the membrane-the ACh-receptor site.2 In order to account for the remarkable specificity of recognition involved in the action of these ligands, the ACh-receptor site was further postulated to be part of a macromolecule, presumably a protein, and compared with the active center of an enzyme2 or the regulatory site of an allosteric protein. 3 On the basis of these analogies it is of interest to study the ACh-receptor site with some of the methods which provided fruitful information about the amino acid side-chains constituting the active centers of enzymes and antibodies. In an affinity-labeling experiment4 a reagent is used which (1) exhibits a high affinity for the binding site; (2) forms an irreversible, covalent bond with certain amino acid residues of the site. This technique has been used to label specifically the active sites of several enzymes5 and antibodies4' 6 and it has been suggested as a means of labeling and identifying specific proteins of membranes.7
The monocellular electroplax of Electrophorus is a preparation particularly well suited for the study of the mechanism of action of specific ligands on the electrical parameters of an excitable membrane.' In the presence of low concentrations of compounds possessing a quaternary nitrogen function like acetylcholine (ACh), carbamylcholine (Carb), phenyltrimethylammonium (Pta), or decamethonium (Deca), the membrane potential of the cell decreases from -75 ± 15 millivolts (mV) in the resting cell to a steady-state value which depends on the nature and the concentration of the compound but is never lower than -15 4 5 mV at saturating levels of the ligand. The effect of these receptor activators is specifically blocked by other quaternary nitrogen-containing compounds which will be referred to as receptor inhibitors like d-tubocurarine (d-Tubo), flaxedil, and several others, which stabilize the membrane potential at its resting value. All of them are postulated to bind to the same site on the membrane-the ACh-receptor site.2 In order to account for the remarkable specificity of recognition involved in the action of these ligands, the ACh-receptor site was further postulated to be part of a macromolecule, presumably a protein, and compared with the active center of an enzyme2 or the regulatory site of an allosteric protein. 3 On the basis of these analogies it is of interest to study the ACh-receptor site with some of the methods which provided fruitful information about the amino acid side-chains constituting the active centers of enzymes and antibodies. In an affinity-labeling experiment4 a reagent is used which (1) exhibits a high affinity for the binding site; (2) forms an irreversible, covalent bond with certain amino acid residues of the site. This technique has been used to label specifically the active sites of several enzymes5 and antibodies4' 6 and it has been suggested as a means of labeling and identifying specific proteins of membranes. 7 In this communication, observations are reported and discussed about the effect of p-(trimethylammonium)benzenediazonium fluoroborate (Tdf) on the electroplax synaptic membrane. This compound, which has been used successfully as an affinity-labeling reagent for anti-p-azotrimethylphenylammonium antibodies8 and for bovine erythrocyte ACh-esterase,9 possesses the following characteristics: (1) it is a structural analogue of phenyltrimethylammonium, a typical and potent activator of the ACh-receptor;'0 (2) it has a reactive diazonium group which forms a covalent bond mainly with tyrosine, histidine, and lysine side-chains in proteins. Evidence is presented here that the ACh-receptor site of the electroplax synaptic membrane can be specifically and irreversibly labeled by Tdf.
Results.-(I) Figure 1 shows the result of a 20-minute exposure of an electroplax to 10-4 M Tdf. The resting potential and the resistance of the innervated membrane remain constant during the treatment. After extensive washing, exposure of the cell to solutions of a variety of receptor activators, at concentrations about 10 times larger than their apparent dissociation constants, is not followed by any 2063 PROC. N. A. S. Figure 1 illustrates that the residual response is exactly the same 20 minutes after the end of the exposure to Tdf and 130 minutes later. The modification of the cell is irreversible. In order to test the possibility that this modification is due to the experimental procedures (e.g., perfusion with a Ringer's solution supplemented with 5 X 10-1 M Na phosphate pH 5.9) rather than to a specific reaction of Tdf with the membrane, the same exposure was performed with an unreactive derivative of Tdf. This derivative is obtained by adding to a 10-4 M Tdf solution at pH 5.9 an excess of histidine (10 -2M). After 19 hours at room temperature the diazonium group of Tdf has reacted with histidine giving p-(trimethylammonium)benzeneazo histidine. A standard exposure to this mixture does not modify the cell which still responds normally to carbamylcholine ( Table 1 ). The irreversible abolition of the sensitivity to receptor activators is thus caused by the covalent bonding of Tdf to the membrane.
(II) The irreversible effect of Tdf on the sensitivity to ACh might be due (1) to the permanent occupation of the ACh receptor site by Tdf covalently bonded to an amino acid side-chain belonging to or adjacent to this site, or (2) to the block of an intermediate step in the sequence of macromolecular processes mediating the interaction between the ACh-receptor site and the structures which support the membrane potential. In order to distinguish between these two possibilities the effect of various reversible receptor activators and inhibitors on the reaction of Tdf with the membrane was tested. Figure 2 shows Fig. 3 ). In the presence of this compound the membrane potential does not change. Added with Tdf, 10-5 II d-Tubo is a concentration sufficiently high to protect almost completely against the irreversible effect of a 10 times larger concentration of Tdf. The same result is observed with two other specific receptor inhibitors: dimethyl d-Tubo and flaxedil ( Table 1 ). The interpretation of these last results is not without ambiguity since at least one of these effectors can react with Tdf. Pta, flaxedil, dimethyl d-Tubo are unreactive, but d-Tubo contains phenolic rings which could form a bond with the diazonium group of Tdf. Fortunately, the rates of reaction of Tdf and d-Tubo in solution, at the concentrations used in this experiment, are considerably slower than the rate of reaction of Tdf with the membrane. Nevertheless, the following control experiment was performed: the cell is treated with Tdf for 20 minutes according to the standard procedure except that the 10-4 M solution of Tdf is mixed with 10-4 M histidine immediately prior to the incubation period. The data of Table 1 clearly show that, even in this case, the presence of 10-4 M histidine in the Tdf solution has not been followed by a decrease of Tdf reactivity within the time limits of the experiment. Thus the protective effect exerted by various receptor inhibitors and activators cannot be accounted for by direct reaction with Tdf, but must be due to competition with Tdf at the level of the ACh-receptor site.
A specific bonding of Tdf to the ACh-receptor site is further supported by an experiment performed with the tertiary analogue of Tdf, p-dimethylanilinediazonium zinc chloride (Ddf). The substitution of the quaternary nitrogen of ACh by a tertiary one is accompanied by a 250-fold decrease of the potency of the compound. Similarly, Table 1 shows that a standard treatment of the cell by 10-4 M Ddf has almost no effect on the chemosensitivity of the cell. Tdf thus possesses the structural features of a compound reacting specifically with the ACh-receptor.
In Figure 3 are presented titration curves by carbamylcholine of electroplax exposed for various periods of time to 10-4 M Tdf. A characteristic parameter of such titration curves is the amplitude of the maximal depolarization recorded at saturating levels of the activator. This maximal response is generally considered to be quantitatively related to the total number of ACh-receptor sites occupied by the ligand.11 Assuming this interpretation to be correct, if each receptor covalently bound to a Tdf molecule is inactive, then the maximal response to a receptor activator should decrease progressively as a function of the time of exposure. Table 1 ). (b) Cells exposed to 10-4 AI Tdf from 2.5 to 20 mn. structural properties in common but differ in several respects.10' 12 Since Tdf reacts with the ACh-receptor site, it constitutes a useful tool to investigate the relationships between the ACh-esteratic site and the ACh-receptor site and, in particular, to test whether or not the esteratic site of the enzyme is directly involved in the cell sensitivity to ACh. We therefore studied the effect of irreversible or at least decrease, the loss of sensitivity caused by the Tdf treatment. Diisopropylphosphorofluoridate (DFP) and diisopropylphosphorylthiocholine (phospholine) were used as substrates of ACh-esterase which give a stable acylation of the enzyme.'3 The effective block of ACh-esterase in the membrane by these inhibitors was ascertained by comparing the effects of ACh before and during the exposure to DFP or phospholine. Figure 4 shows that in the presence of an ACh-esterase inhibitor the action of ACh is strongly potentiated, but that under the same conditions, there is no change in the sensitivity of the cell to receptor activators such as carbachol which are not ACh-esterase substrates. Finally, it illustrates that even when ACh-esterase is irreversibly inhibited, the loss of sensitivity proceeds as fast as in a normal cell. The stable acylation of the esteratic site of ACh-esterase does not interfere with the binding of Tdf to the ACh-receptor site. This observation, in agreement with previous experimental results,"2 suggests that the esteratic center of ACh-esterase and the ACh-receptor site are, at least partially, distinct binding sites.
Discussion.-Exposure of the synaptic membrane of the electroplax to 10-4 II Tdf for 20 minutes abolishes irreversibly its sensitivity to ACh and to related receptor activators. Since d-Tubo and several specific receptor inhibitors or activators strongly protect against Tdf action, while irreversible acylation of the catalytic center of ACh-esterase does not interfere with it, it is concluded that Tdf is an affinity-labeling reagent of the ACh-receptor site, a site topographically distinct from the esteratic site of ACh-esterase.'12-4 Moreover, diazonium derivatives like Tdf are known to establish covalent bonds mainly with tyrosyl, histidyl, and lysyl residues. It is likely that Tdf attaches covalently to an amino acid of the ACh-receptor site, thus supporting the earlier suggestion that the ACh-receptor macromolecule is a protein.2 15 Conclusive evidence in favor of this last point, however, requires the isolation and purification of the component to which Tdf is bound. '6 Appendix.-The present observations are a further important support of the analogy already mentioned between excitable membranes and regulatory enzymes.3'17 Both categories of biological structures are "excitable" in the sense that they respond to the binding of specific ligands by characteristic changes of their biological-electrical or catalytic-activity; in addition, both of them exhibit a complex combination of cooperative phenomena.l7 The effect of Tdf on the electroplax synaptic membrane is remarkably similar, in its consequences, to the "desensitization phenomenon" described with regulatory enzymes.'8' 19 Tdf abolishes the sensitivity to ACh and to other receptor activators without altering the resting potential and the resistance of the synaptic membrane. Similarly, regulatory enzymes which have been desensitized no longer respond to their metabolic signal but are still fully active. Several molecular mechanisms have been invoked to account for the desensitization of regulatory enzymes.'9 For instance, the structure of the site at which the regulatory signal binds can be locally modified in such a way that it no longer recognizes this ligand. 20 The same interpretation is valid in the present case, and we may say that Tdf "desensitizes" the membrane by blocking selectively the ACh-receptor site considered as a "regulatory site." It was concluded that the catalytic site of these enzymes is entirely distinct from their regulatory site. Similarly it becomes plausible that the ACh-receptor site and the sites on the membrane which are directly responsible for the resting potential are topographically distinct and thus that the interaction between these sites is an indirect or "allosteric" interaction.
The analogy between regulatory enzyme and excitable membranes may be extended even further to the mechanism of these indirect interactions. It was proposed by Nachmansohn more than ten years ago that the changes of membrane potential caused by the binding of a receptor activator were triggered by a change of conformation of the macromolecular receptor of ACh.21 This mecha-nism would be equivalent to the allosteric transition which mediates the indirect interactions between topographically distinct sites in regulatory enzymes."9 A two-state model22 has been conveniently used in this latter case for the quantitative description of the transition and seems adequate for the interpretation of the present results.3, 17 One of the conformational states of the receptor macromolecule would correspond to a depolarized state of the membrane and would be preferentially stabilized by receptor activators; the other, corresponding to the polarized state of the membrane, would be stabilized by receptor inhibitors. This model accounts for several aspects of the mode of action of receptor activators and inhibitors and for their mutual interactions. '7 In this framework, Tdf would not only occupy permanently the ACh-receptor site but would stabilize irreversibly the receptor macromolecule, and thus the membrane, in the polarized conformation.
